where the substrate is directly irradiated, clearly indicating that the reaction occurs at the surface. Additionally, we have also been able to carry out photodeposition using lasers to form thin polymer circuits.
In this work, we discuss the photodeposition of polydiacetylene thin films from solution, perform chemical characterization of these films, investigate the role of the substrate, speculate on the mechanism of the reaction, and make a preliminary determination of the third-order optical nonlinearity of the films. This simple, straightforward technique may ultimately make feasible the production of polydiacetylene thin films for technological applications.
Introduction
Polydiacetylenes are a class of highly conjugated organic polymers that are of considerable interest because of their unique chemical, optical, and electronic properties. 1-3 They have been studied extensively as organic conductors and semiconductors, as well as nonlinear optical materials. Many of these applications require the formation of high-quality thin polydiacetylene films, i.e., films possessing minimal defects such as impurities, 4776J. Am. Chem. Soc., Vol. 117, No. 17, 1995 We are currently conducting such investigations, and the results will be discussed in forthcoming publications.
Experimental Section
Unless otherwise stated, all reagents were purchased from Aldrich and used without further purification.
The synthesis and characterization of DAMNA has been described previously.8. 9 The 1,2-dichloroethane used was HPLC grade, and monomer solutions were filtered before use. All substrates (except KBr and NaC1) were washed with
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As stated earlier, special Teflon chambers (Figure 1) were constructed for carrying out polydiacetylene thin film photodeposition from solution. The chambers used here were cylindrical in shape and closed at one end, with approximate dimensions of 0.5 cm depth and 1.2 cm i.d.; this holds between 1.0 and 1.5 mL of solution (of course, the size and shape are not critical). The substrate disks were circular, ranging from 1.3 to 1.7 cm in diameter, with thicknesses between 1 and 2 nun. An O-ring was used to form a seal between the substrate window and the solution inside the chamber.
Because many organic solvents, including 1,2dichloroethane, are permeable to common O-ring materials (such as Viton), Kalrez (a fluoroelastomer) O-tings were used for this purpose. A screw cap with another O-ring (any type can be used here) placed on the outside of the substrate was used to seal the chamber shut. The chambers were filled and emptied using a syringe through a small threaded fill hole at the back, which was sealed shut with a screw.
To grow thin PDAMNA films onto quartz disks (or any transparent substrate), the chambers were filled with a solution of DAMNA in 1,2dichloroethane (3-4 mg/mL), making sure to avoid air bubbles, and sealed shut. The chambers were then placed directly in front of a 15 W, 366 nm UV light (Blak-Ray model UVL-56), with the substrate window facing directly into the light. After 24 h of exposure, the photodeposition was complete; the chambers were then emptied, and the substrate disks, now coated on one side with the polymer film, were removed, immediately washed with dichloroethane, and allowed to dry. This procedure yielded transparent yellow-orange PDAMNA films with thicknesses of about 0.6/_m, measured near the center (the films tend to be thicker at the center than near the edges). Thinner films can be grown by shortening the duration of exposure to the UV light, and thicker films (around 1.0-1.5 _tm) can be grown by exposure to a more intense UV source (such as Blak-Ray model B-100A).
To grow the thicker films, it is best to first expose the substrate to the less intense UV light source for about 1 day and then switch to the more intense source for an additional day. This procedure yields films with better quality.
PDAMNA films can also be grown using 254 nm radiation; however, the films do not grow as thick because the polymer absorbs more strongly at 254 nm.
Characterization. LW-visible absorption spectra of the PDAMNA films on quartz substrates were obtained using an HP8452 photodiode array spectrometer, with blank quartz disks as the reference. A spectrum of PDAMNA was also obtained on a KBr disk; it appeared essentially identical to that on quartz.
The spectrum of DAMNA monomer was obtained in 1,2-dichloroethane.
Infrared spectra of the PDAMNA films on KBr substrates were obtained using a Perkin-Elmer 1600 Series FTIR. This was also used to monitor a sample of DAMNA monomer powder that was photopolymerized on ZnSe. A 13C-NMR spectrum was obtained in DMSO-d6 on a sample of PDAMNA precipitated from the bulk solution using an IBM-Bruker 200 MHz Fourier transform spectrometer.
The spent reaction mixtures from the thin film deposition chambers were combined and centrifuged, and the precipitated PDAMNA was washed with 1,2-dichloroethane and centrifuged again. The sample was then dried and dissolved in DMSO-d6 to obtain the spectrum.
A spectrum was also obtained on DAMNA monomer dissolved in DMSO-d6.
In both cases the spectra were obtained after 4000-5000 scans using a relaxation delay of 3 s.
Other Compounds.
To grow thin films of other polydiacetylenes, the same method described above for growing PDAMNA films was used.
A solution of the monomer (again, 3-4 mg/mL) in the appropriate solvent was placed inside the chamber, which was then irradiated at a suitable wavelength (determined from the UV-visible spectrum of the monomer).
The specific conditions and results for various compounds were discussed earlier.
Masking Experiments.
To gain a better understanding into the role of the surface during thin film photodeposition, a simple masking experiment was conducted.
The chamber was filled with DAMNA monomer solution as described previously, only this time a small stirring bar was also placed in the chamber. A very thin glass disk (cut from a microscope slide cover slip) was used as the substrate in order to minimize the effects of refraction of the UV light around the edges of the mask; the thinner the substrate disk, the sharper the image. A small cutout from a sheet of aluminum was used as the mask, which was held in place on the exterior surface of the glass substrate disk using a quartz disk (i.e., the mask was "sandwiched" in place between the glass disk and the quartz disk). The chamber was then irradiated with the UV light while the monomer solution inside was stirred to ensure thorough mixing. After 24 h, the reaction was stopped, the disks and the mask were removed, and the glass substrate disk was washed and dried as before. The result was that polydiacetylene film deposition took place only where the substrate was directly exposed to the UV light; there was no film deposition behind the mask (Figure 2A) . Polymerization still took place throughout the bulk solution.
Laser Photodeposition.
The chamber was filled with DAMNA monomer solution, using a quartz disk as the substrate, and then mounted onto a Lintech two-axis translation stage. Utilizing a 50 mm focal length lens, the beam from a Spectra-Physics beamlok 2060 argonion laser tuned to 364 nm was focused to a pinpoint on the quartz disk.
The command-control system consisted of a Compumotor AT6400 board and indexer, and Compumotor S drives and encoders for each axis of motion. The board was installed in an IBM 386 computer and communicated with the translation stage via the indexer. The resolution of the translation stage is 0.2 #ndstep, and the 6000 Series software provided with the Compumotor indexer enabled various motion-control programs to be utilized. By varying the intensity of the laser, the speed of the translation stage, and the number of repetitions, PDAMNA patterns with different thicknesses could be obtained. The width of the lines was adjusted by changing the focus of the laser beam.
Kinetics
Experiments.
In order to gain some insight into the mechanism of diacetylene photopolymerization in solution and polydiacetylene thin film photodeposition from solution, some simple qualitative kinetics experiments using triplet sensitizers and free radical initiators were performed.
Two identical chambers were prepared as before, using quartz disks as substrates.
Each chamber contained DAMNA monomer solution (3.5 mg/mL); however, one also contained a trace amount (at 10 -4 M) of anthracene, a triplet sensitizer.
The two chambers were placed side by side and irradiated for 2 h at 254 nm (this wavelength was chosen to ensure that the anthracene would absorb). The reaction was then stopped, the solutions and quartz disks (with films) were removed, and the disks were washed and dried. It was apparent from visual inspection that the solution containing anthracene had polymerized to a greater extent than that without anthracene. Furthermore, the PDAMNA film grown in the presence of anthracene was thicker (by about 30%, based on UV-visible absorption spectra) than that grown under identical conditions without anthracene.
Hence the addition of anthracene does cause an increase in the rate of reaction, which suggests that a triplet mechanism is operative in solution.
The experiment was repeated, only this time benzoyl peroxide was used in one of the solutions.
Again, by visual inspection, it was apparent that the solution containing benzoyl peroxide had polymerized to a greater extent (even more so than in the case of anthracene). Likewise, the PDAMNA film grown from the solution containing benzoyl peroxide was about twice as thick as that grown from the control solution. Thus benzoyl peroxide causes an even greater increase in the rate of the reaction than does anthracene. Because benzoyl peroxide can behave photochemically as both a triplet sensitizer and a free radical initiator, it was decided to see if polymerization could be carried out thermally (in the dark) with benzoyl peroxide. Under these conditions only a free radical mechanism is possible. Thus a solution of DAMNA with benzoyl peroxide, same concentrations as before, was placed in a sealed glass container, wrapped in aluminum foil to keep out light, and heated at 70°C. Even after 24 h, no polymerization took place. The experiment was repeated using AIBN instead of benzoyl peroxide; again, virtually no polymerization occurred. Thus a single free radical mechanism seems very unlikely.
Nonlinear Optical Measurements.
The linear refractive index of the PDAMNA films (on quartz) was determined by wave guide mode analysis using a Metrocon 2010 prism coupler, which can also give the film thicknesses.
A value of 1.696 (632 nm) was obtained for the refractive index, and the sample thicknesses ranged between 0.5 and 1.5/zm, which is consistent with the values obtained from profilometry.
Optical phase modulation by degenerate four-wave mixing has been found to be a very useful technique for measuring third-order nonlinear optical susceptibilities. 2°This technique was first developed by Helwarth in 1977, and the details are described elsewhere. 2_ The phase conjugation of the PDAMNA films was measured using the secondharmonic (532 nm) from a pulsed Nd-Yag laser at 10 Hz and 20 ns pulse duration, and the Z _3_values were calculated by means of 22 Z(3) --2n2cXote _u_2 __ 14 3_/z0(--_ --e-_i_/I1_-213 where 1i, 12, 13, and 14 are the intensities of the two pump, probe, and (20) Optical Phase Conjugation; Fisher, R. A., Ed.; Academic Press: San Diego, CA, 1983. (21) Hellwarth, R. J. Opt. Soc. Am. 1977, 67, 1. (22) Caro, R. G.; Gower, C. IEEE J. Quantum Electron. 1982, QE-18-(9) , 1376.
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phase conjugate signals, respectively, c is the speed of light,/t0 is the magnetic permeability of vacuum, n is the linear refractive index, 2 is the laser wavelength, et is the absorption coefficient, and L is the film thickness.
The absorption coefficient, ot (1.474 x 10 6 m-l), was determined from the UV-visible spectrum of the film using Beer's Law. The Z _3_value of CS2, a known standard, was also determined, and the measured value of 2.8 × 10 -12 esu agrees well with the published value of 2.4 x 10 -_z esu. 23 The Z_3_values measured for the PDAMNA films have remained stable at around 10 -8 esu for several months (storing the films in the dark).
